Abstract-Model-driven engineering (MDE), in general, and Domain-Specific Modeling Languages (DSMLs), in particular, are increasingly used to manage the complexity of developing applications in various domains. Although many DSML benefits are qualitative (e.g., ease of use, familiarity of domain concepts), there is a need to quantitatively demonstrate the benefits of DSMLs (e.g., quantify when DSMLs provide savings in development time) to simplify comparison and evaluation. This chapter describes how we conducted productivity analysis for the Distributed Quality-of-Service (QoS) Modeling Language (DQML). Our analysis shows (1) the significant productivity gain using DQML compared with alternative methods when configuring application entities and (2) the viability of quantitative productivity metrics for DSMLs.
Related Work
This section presents related work in the area of metrics for MDE and domain-specific technologies. We present work on quantitative analysis for MDE technologies as well as metrics to support quantitative evaluation. Conway and Edwards (2004) focus on measuring quantifiable code size improvements using the NDL Device Language (NDL), which is a domain-specific language applicable to device drivers. NDL abstracts details of the device resources and constructs used to describe common device driver operations. The creators of NDL show quantitatively that NDL reduces code size of a semantically correct device driver by more than 50% with only a slight impact on performance. While quantifiable code size improvements are shown by using NDL, the type of improvement is applicable to DSLs where a higher level language is developed to bundle or encapsulate lower level, tedious, and error prone development. The productivity analysis for a DSL is easier to quantify since common units such as lines of source code are used. Conway and Edwards present compelling evidence of productivity gains of NDL although they do not encompass all the benefits of automatic code generation found with DSMLs such as the ease of a GUI. Bettin (2002) measures productivity for domain-specific modeling techniques within the domain of objectoriented user interfaces. Comparisons are made between (1) traditional software development where no explicit modeling is performed, (2) standard Unified Modeling Language (UML)-based software development, where UML is interpreted as a graphical notation providing a view into the source code, and (3) domain-specific notations to UML to support a higher-level abstraction that automatically generates large parts of the implementation. While the use of the domain-specific notations show a sharp reduction in the number of manually-written lines of source code as compared to traditional software development, the addition of modeling elements comes at some cost since no models are developed in traditional software development. The trade-off of the manual coding and modeling efforts is not clear quantitatively. Balasubramanian, Schmidt, Molnar, & Ledeczi (2007) quantitatively analyze productivity gains within the context of the System Integration Modeling Language (SIML). SIML is a DSML that performs metamodel composition augmenting elements of existing DSMLs or adding additional elements. The productivity analysis of SIML focuses on the reduction of development steps needed for functional integration as compared to manual integration including design and implementation using native tools. The design and implementation steps are weighted more heavily (i.e., are more expensive in development resources such as time and man-power) than using SIML which provides automated DSL integration. The analysis shows a 70% reduction in the number of distinct integration steps for a particular use case. Genero, Piattini, Abrahao, Insfran, Carsi, & Ramos (2007) qualitatively measure ease of comprehension for class diagrams generated using various transformation rules via an experimental approach. From a given requirements model UML class diagrams were generated using 3 different sets of transformation rules. Human subjects were then asked to evaluate how easy the generated diagrams were to understand. While this experimental approach gleans valuable user feedback, this approach also incurs substantial experimental resources and time by involving human subjects and also targets the qualitative aspect of ease of understanding. Abrahao and Poels (2007) have created OO-Method Function Points (OOmFP) which enhance function point analysis (FPA), originally designed for functional user requirements, to be applicable to objectoriented technologies. The metric generates a value related to the amount of business functionality a system provides to a user. Experimental procedures were conducted with students to compare FPA and OOmFP. The experiments showed that OOmFP consumed more time than FPA but the results were more accurate and more easily reproducible. Abrahoa and Poels (2009) then extended their OOmFP work into the area of Web applications which they termed OOmFPWeb. OOmFPWeb was designed to evaluate functionality of Web systems based on user-defined requirements encapsulated in the conceptual model of an application developed for the Web rather than based on solely on implementation artifacts created once the application had been fully developed (Cleary, 2000; Reifer, 2000) .
In contrast to the work outlined above, this chapter showcases productivity metric of interpreters for DSMLs that transform models into implementation artifacts. This metric is important since interpreter developers need to understand not only the quantitative benefit of an interpreter but also the development effort for which the interpreter is justified.
Overview of the Distributed QoS Modeling Language (DQML)
The Distributed QoS Modeling Language (DQML) is a DSML that addresses key inherent and accidental complexities of ensuring semantically compatible QoS policy configurations for publish/subscribe (pub/sub) middleware. Semantic compatibility is accomplished when the combination and interaction of the specified QoS policies produce the overall desired QoS for the system, i.e., when the system executes with the QoS that is intended. DQML automates the analysis and synthesis of semantically compatible QoS policy configurations for the OMG Data Distribution Service (DDS), which is an open standard for QoSenabled pub/sub middleware (Object Management Group, 2007) . DQML was developed using the Generic Modeling Environment (GME) (Ledeczi, Bakay, Maroti, Volgyesi, Nordstrom, Sprinkle, & Karsai, 2001) , which is a metaprogrammable environment for developing DSMLs.
This section provides an overview of DDS and the structure and functionality of DQML. Although DQML focused initially on QoS policy configurations for DDS, the approach can be applied to other pub/sub technologies, such as Web Services Brokered Notification (OASIS, 2006) , Java Message Service (Sun Microsystems, 2002) , CORBA Event Service (Object Management Group, 2004-1) , and CORBA Notification Services (Object Management Group, 2004-2) .
A: Overview of the OMG Data Distribution Service (DDS)
DDS defines a standard pub/sub architecture and runtime capabilities that enables applications to exchange data in event-based distributed systems. DDS provides efficient, scalable, predictable, and resource-aware data distribution via its Data-Centric Publish/Subscribe (DCPS) layer, which supports a global data store where publishers write and subscribers read data, respectively. Its modular structure, power, and flexibility stem from its support for (1) location-independence, via anonymous pub/sub, (2) redundancy, by allowing any numbers of readers and writers, (3) real-time QoS, via its 22 QoS policies, (4) platform-independence, by supporting a platform-independent model for data definition that can be mapped to different platformspecific models, and (5) interoperability, by specifying a standardized protocol for exchanging data between distributed publishers and subscribers. As shown in Figure 1 , several types of DCPS entities are specified for DDS. A domain represents the set of applications that communicate with each other. A domain acts likes a virtual private network so that DDS entities in different domains are completely unaware of each other even if on the same machine or in the same process. A domain participant factory's sole purpose is to create and destroy domain participants.
The factory is a pre-existing singleton object that can be accessed by means of the get_instance() class operation on the factory. A domain participant provides (1) a container for all DDS entities for an application within a single domain, (2) a factory for creating publisher, subscriber, and topic entities, and (3) administration services in the domain, such as allowing the application to ignore locally any information about particular DDS entities. DDS is topic-based, which allows strongly typed data dissemination since the type of the data is known throughout the entire system. 1 Table 1 A DDS topic describes the type and structure of the data to read or write, a data reader subscribes to the data of particular topics, and a data writer publishes data for particular topics. Various properties of these entities can be configured using combinations of the 22 QoS policies that are described in . In addition, publishers manage one or more data writers while subscribers manage one or more data readers. Publishers and subscribers can aggregate data from multiple data writers and readers for efficient transmission of data across a network. The extensive QoS support of DDS and the flexibility of the QoS policies present the challenges of appropriately managing the policies to form the desired QoS configuration. These challenges not only include ensuring valid QoS parameter types and values but also ensuring valid interactions between the policies and the DDS entities. Moreover, managing semantic compatibility increases the accidental complexity of creating valid QoS configuration since not all valid combinations of QoS policies will produce the desired system behavior as outlined above with the flow of reliable data.
DDS QoS
DSMLs can help address these challenges. DSMLs can reduce the variability complexity of managing multiple QoS policies and their parameters by presenting the QoS policies as modeling elements that are automatically checked for appropriate associations and whose parameters are automatically typed and checked for appropriate values. DSMLs can also codify constraints for semantic compatibility to ensure that data flows as intended. Moreover, DSMLs can automatically generate implementation artifacts that accurately reflect the design. Table 1 that control the behavior of DDS applications. DQML models all of these DDS QoS policies, as well as the seven DDS entities (i.e., Data Reader, Data Writer, Topic, Publisher, Subscriber, Domain Participant, and Domain Participant Factory) that can have QoS policies. Associations between the seven entities themselves and also between the entities and the 22 QoS policies can be modeled taking into account which and how many QoS policies can be associated with any one entity as defined by DDS. While other entities and constructs exist in DDS none of them directly use QoS policies and are therefore not included within the scope of DQML.
B. Structure of the DQML Metamodel

DDS defines 22 QoS policies shown in
The constraints placed on QoS policies for compatibility and consistency are defined in the DDS specification. DQML uses the Object Constraint Language (OCL) (Warmer & Kleppe, 2003) implementation provided by GME to define these constraints. Compatibility constraints involve a single type of QoS policy (e.g., reliability QoS policy) associated with more than one type of DDS entity (e.g., data reader, data writer) whereas consistency constraints involve a single DDS entity (e.g., data reader) with more than one QoS policy (e.g., deadline and latency budget QoS policies). Both types of constraints are included in DQML. The constraints are checked when explicitly prompted by the user. Programmatically checking these constraints greatly reduces the accidental complexity of creating valid QoS configurations.
C. Functionality of DQML
DQML allows DDS application developers to specify and control key aspects of QoS policy configuration in the following ways. Figure 2 , DQML allows developers to create the DDS entities involved with QoS policy configuration. DQML supports the seven DDS entities that can be associated with QoS policies.
Creation of DDS entities. As illustrated in
Figure 2: DDS Entities Supported in DQML
Creation of DDS QoS policies. DQML allows developers to create the QoS policies involved with QoS policy configuration. DQML supports the 22 DDS policies that can be associated with entities to provide the required QoS along with the attributes, the appropriate ranges of values, and defaults. As shown in Figure 3 , DQML ameliorates the variability complexity of specifying (1) valid associations between QoS policies and DDS entities and (2) valid QoS policy parameters, parameter types, and values (including default values).
Figure 3: Example of DQML QoS Policy Variability Management
Creation of associations between DDS entities and QoS policies. As shown in Figure 4 , DQML supports the generation of associations between the entities and the QoS policies and ensures that the associations are valid. DQML's support of correct associations is important since only certain types of entities can be associated with certain other entities and only certain types of QoS policies can be associated with certain types of entities. Figure 5 shows DQML detecting and notifying users of incompatible reliability QoS policies while Figure 6 shows inconsistency between a deadline's period and a time based filter's minimum separation both associated with the same data reader. Transforming QoS policy configurations from design to implementation. DQML transforms QoS policy configurations into implementation artifacts via application specific interpreters. Figure 7 shows a representative implementation artifact for a data reader and two data writers. At runtime the DDS middleware will then read this XML while deploying and configuring the DDS entities. 
DQML Case Study: DDS Benchmarking Environment (DBE)
Developing DDS applications is hard due to inherent and accidental complexities. The inherent complexities stem from determining appropriate configurations for the DDS entities. The accidental complexities stem from managing the variability, semantic compatibility, and transformation of QoS configurations. This section presents a case study highlighting development complexity to show how DQML can be applied to improve productivity compared to manual approaches.
At least five different implementations of DDS are available each with its own set of strengths and market discriminators. A systematic benchmarking environment is needed to objectively evaluate the QoS of these implementations. Such evaluations can also help guide the addition of new features to the DDS standard as it evolves. The DDS Benchmarking Environment (DBE) (www.dre.vanderbilt.edu/DDS/html/dbe.html ) tool suite was developed to examine and evaluate the QoS of DDS implementations (Xiong, Parsons, Edmondson, Nguyen, & Schmidt, 2007) . DBE is an open-source framework for automating and managing the complexity of evaluating DDS implementations with various QoS configurations. DBE consists of a repository containing scripts, configuration files, test ids, test results, a hierarchy of Perl scripts to automate evaluation setup and execution, and a shared C++ library for collecting results and generating statistics.
We use DBE as a case study in this chapter to highlight the challenges of developing correct and valid QoS configurations, as well as to analyze the productivity benefits of DQML. Although we focus on DBE in our case study, production DDS-based applications will generally encounter the same accidental complexities when implementing QoS parameter settings, e.g., design-to-implementation transformation fidelity; valid, correct, compatible, and consistent settings. DDS QoS policy settings are typically specified for a DDS implementation programmatically by manually creating source code in a third-generation computer language, e.g., Java or C++. Manual creation can incur the same accidental complexities as the DBE case study without the integration of MDE tools like DQML.
Since DDS has a large QoS configuration space (as outlined in the DDS overview in Section 3A) there is an exponential number of testing configurations where QoS parameters can vary in several orthogonal dimensions. Manually performing evaluations for each QoS configuration, DDS implementation, and platform incurs significant accidental complexity. Moreover, the effort to manage and organize test results also grows dramatically along with the number of distinct QoS configurations.
Figure 8: Example Portion of a DBE QoS Settings File
DBE deploys a QoS policy configuration file for each data reader and data writer. As shown in Figure 8 , the files contain simple text with a line-for-line mapping of QoS parameters to values, e.g., datawriter.deadline.period=10.A file is associated with a particular data reader or data writer. For DBE to function properly, QoS policy settings in the configuration files must be correct to ensure that data flows as expected. If the QoS policy configuration is invalid, incompatible, inconsistent, or not implemented as designed, the QoS evaluations will not execute properly.
The DBE configuration files have traditionally been hand-generated using a text editor, which is tedious and error-prone since the aggregate parameter settings must ensure the fidelity of the QoS configuration design as well as the validity, correctness, compatibility, and consistency with respect to other values. Moreover, the configuration files must be managed appropriately, e.g., via unique and descriptive filenames, to ensure the implemented QoS parameter settings reflect the desired QoS parameter settings. To address these issues, we developed an interpreter for DBE within DQML to automate the production of DBE QoS settings files.
When applying DQML to generate a QoS configuration for DBE we model (1) the desired DDS entities, (2) the desired QoS policies, (3) the associations among entities, and (4) the associations between entities and QoS policies. After an initial configuration is modeled, we then perform constraint checking to ensure compatible and consistent configurations. Other constraint checking is automatically enforced by the DQML metamodel as a model is constructed (e.g., listing only the parameters applicable to a selected QoS when modifying values, allowing only valid values for parameter types).
We then invoke the DBE interpreter to generate the appropriate QoS settings files. These files contain the correct-by-construction parameter settings automatically generated by the interpreter as it traverses the model and transforms the QoS policies from design to implementation. Finally, we execute DBE to deploy data readers and data writers using the generated QoS settings files and run experiments to collect performance metrics.
DSML Productivity Analysis
This section provides a lightweight taxonomy of approaches to developing quantitative productivity analysis for a DSML. It also presents a productivity analysis for DQML that evaluates implementing QoS configurations for the DBE case study from Section 4.
A. Productivity Analysis Approach
When analyzing productivity gains for a given DSML, analysts can employ several different types of strategies, such as
• Design development effort, comparing the effort (e.g., time, number of design steps (Balasubramanian et al., 2007) , number of modeling elements (Kavimandan & Gokhale, 2008 ) (von Pilgrim, 2007 ) it takes a developer to generate a design using traditional methods (e.g., manually) versus generating a design using the DSML,
• Implementation development effort, comparing the effort (e.g., time, lines of code) it takes a developer to generate implementation artifacts using traditional methods, i.e., manual generation, versus generating implementation artifacts using the DSML,
• Design quality, comparing the number of defects in a model or an application developed traditionally to the number of defects in a model or application developed using the DSML,
• Required developer experience, comparing the amount of experience a developer needs to develop a model or application using traditional methods to the amount of experience needed when using a DSML, and
• Solution exploration, comparing the number of viable solutions considered for a particular problem in a set period of time using the DSML as compared to traditional methods or other DSMLs.
Our focus is on the general area of quantitative productivity measurement-specifically on implementation development effort in terms of lines of code. The remainder of this section compares the lines of configuration code manually generated for DBE data readers and data writers to the lines of C++ code needed to implement the DQML DBE interpreter, which in turn generates the lines of configuration code automatically.
B. Metrics for DQML Productivity Analysis
Below we analyze the effect on productivity and the breakeven point of using DQML as opposed to manual implementations of QoS policy configurations for DBE. Although configurations can be designed using various methods as outlined in previous work (Hoffert, Schmidt, & Gokhale, 2007) , manual implementation of configurations is applicable to these other design solutions since these solutions provide no guidance for implementation.
Within the context of DQML, we developed an interpreter specific to DBE to support DBE's requirement of correct QoS policy configurations. The interpreter generates QoS policy parameter settings files for the data readers and data writers that DBE configures and deploys. All relevant QoS policy parameter settings from a DQML model are output for the data readers and data writers including settings from default as well as explicitly assigned parameters.
As appropriate for DBE, the interpreter generates a single QoS policy parameter settings file for every data reader or data writer modeled. Care is taken to ensure that a unique filename is created since the names of the data readers and data writers modeled in DQML need not be unique. Moreover, the interpreter's generation of filenames aids in QoS settings files management (as described in Section 3) since the files are uniquely and descriptively named. The following subsections detail the scope, development effort, and productivity analysis of DQML's DBE interpreter versus manual methods.
1. Scope. DBE uses DDS data readers and data writers. Our productivity analysis therefore focuses on these entities and, in particular, the QoS parameters relevant to them. In general, the same type of analysis can be performed for other DDS entities for which QoS policies can be associated. As shown in Table 2 , 15 QoS policies with a total of 25 parameters can be associated with a single data writer. Likewise, Table 3 shows 12 QoS policies with a total of 18 parameters that can be associated with a single data reader. Within the context of DBE, therefore, the total number of relevant QoS parameters is 18 + 25 = 43. Each QoS policy parameter setting (including the parameter and its value) for a data reader or writer corresponds to a single line in the QoS parameter settings file for DBE.
QoS Policy Number of Parameters Parameter Type(s)
Interpreter development.
We developed the DBE interpreter for DQML using GME's Builder Object Network (BON2) framework, which provides C++ code to traverse the DQML model utilizing the Visitor pattern. When using BON2, developers of a DSML interpreter only need to modify and add a small subset of the framework code to traverse and appropriately process the particular DSML model. More specifically, the BON2 framework supplies a C++ visitor class with virtual methods (e.g., visitModelImpl, visitConnectionImpl, visitAtomImpl). The interpreter developer then subclasses and overrides the applicable virtual methods.
The DDS entities relevant to DQML are referred to as model implementations in BON2. Therefore, the DBE interpreter only needs to override the visitModelImpl() method and is not concerned with other available virtual methods. When the BON2 framework invokes visitModelImpl() it passes a model implementation as an argument. A model implementation includes methods to (1) traverse the associations a DDS entity has (using the getConnEnds() method) and specify the relevant QoS policy association as an input parameter (e.g., the association between a data writer and a deadline QoS Policy), (2) retrieve the associated QoS policy, and (3) obtain the attributes of the associated QoS policy using the policy's getAttributes() method.
The DQML-specific code for the DBE interpreter utilizes 160 C++ statements within the BON2 framework. We stress that any interpreter development is a one-time cost; specifically there is no development cost for the DBE interpreter since it is already developed. The main challenge in using BON2 is understanding how to traverse the model and access the desired information. After interpreter developers are familiar with BON2, the interpreter development is fairly straightforward. We detail the steps of developing the DBE interpreter below. Figure 9 outlines the visitor class that has been created for the DBE interpreter for use within the BON2 framework. This class is the only class that needs to be implemented for the DBE interpreter. Line 1 determines the class name and its derivation from the BON2 Visitor class. Lines 3 and 4 declare the default constructor and destructor respectively. Lines 7 -9 declare the abstract methods visitAtomImpl, visitModelImpl, and visitConnectionImpl inherited from the BON2 Visitor class that need to be defined for the DBE interpreter. Lines 11 and 12 declare methods to process data readers and data writers respectively. Lines 14 -22 declare the main method that processes the QoS properties for a data reader or data writer and writes the QoS parameters to the appropriate file. Line 25 defines the debugging output file that had been used for debugging the DBE interpreter.
As is shown in Figure 9 , the structure of the DBE visitor class is fairly simple and straightforward. Moreover, of the three methods inherited from the BON2 Visitor class and declared on lines 7 -9 only the visitModelImpl method declared on line 8 is a non-empty method. For DBE, the only DQML entities of interest are what GME terms the model elements which for DBE's interests are the data readers and data writers. The DBE interpreter is not concerned with traversing atom or connection elements since these elements will be addressed by processing the model elements.
We now focus on the implementations of the relevant methods particularly as they relate to complexity and required background knowledge. The default constructor and destructor simply open and close the file used for debugging which is not required functionality for the DBE interpreter. Therefore the implementations of these two methods (which total two C++ statements) are excluded to save space. The visitAtomImpl and visitConnectionImpl methods are defined (since the inherited methods are abstract) but empty (since they are not needed).
As shown in Figure 10 , the visitModelImpl method determines the type of model element currently being processed and calls the appropriate method, i.e., processDataReaderQos for a data reader on line 6 and processDataWriterQos for a data writer on line 12. The lines written to out_file_ are simply for debugging purposes and are not required by DBE. The DBE interpreter developer required familiarity with the DQML metamodel to know the names of the model elements of interest but the model elements in the metamodel were given intuitive names to reduce accidental complexity, e.g., DataReader and DataWriter on lines 3 and 9 respectively. Figure 11 outlines the processDataWriterQos method. For each QoS policy applicable to a data writer this method sets up a mapping of DQML QoS parameter names to DBE QoS parameters names. Then the method calls outputDDSEntityQoS method to write the QoS parameter values to the appropriate file. The interpreter developer needed to have an understanding of the QoS parameter names for DBE, the QoS parameter names in the DQML metamodel, and the names of the associations between data readers/writers and QoS policies in the DQML metamodel. However, as with the model elements in the DQML metamodel, the QoS parameters were given intuitive names to reduce accidental complexity, e.g., history_kind and history_depth on lines 25 and 26 respectively, as were the connection names, e.g., dw_deadline_Connection and dw_history_Connection on lines 16 and 30 respectively. Figure 11 shows the source code for processing the deadline and history QoS policies. The rest of the method which has been elided for brevity handles all the other QoS policies relevant to data writers. Finally, the method closes the QoS parameter file if one has been opened previously and increments the count of data writers processed so that unique filenames can be generated. Likewise, the processDataReaderQos method provides the same functionality for QoS policies and parameters relevant to data readers. Its source code is not included due to space constraints. Figure 12 presents the outputDDSEntityQos method which traverses the connection that a data reader or data writer has to a particular QoS policy (e.g., connections to QoS policies for data readers or data writers) and writes the QoS parameters out to the QoS settings file for that data reader or writer. Lines 14 -21 and 54 -57 provide error checking for the BON2 framework and have been elided for space considerations. Line 11 retrieves the associations that the data reader or writer has with a particular QoS policy, e.g., all the associations between a data reader and the reliability QoS policy. Lines 24-27 retrieve the endpoint of the connection which will be the associated QoS policy of the type specified as the input parameter of line 4. Lines 29 and 30 retrieve the parameters of the associated QoS policy, lines 31 -41 open a uniquely named DBE QoS settings file if one is not currently open, and lines 42 -52 iterate through the QoS parameters and write them out to the opened file in the required DBE format using the attribute mapping passed as an input parameter on line 6. Since the BON2 framework relies on the Visitor pattern, familiarity with this pattern can be helpful. This familiarity is not required, however, and developers minimally only need to implement relevant methods for the automatically generated Visitor subclass. In general, the DQML interpreter code specific to DBE (1) traverses the model to gather applicable information, (2) creates the QoS settings files, and (3) outputs the settings into the QoS settings files.
The C++ development effort for DQML's DBE interpreter is only needed one time. In particular, no QoS policy configuration developed via DQML for DBE incurs this development overhead since the interpreter has already been developed. The development effort metrics of 160 C++ statements are included only to be used in comparing manually implemented QoS policy configurations.
Comparing manually developing DBE implementation artifacts.
To compare model-driven engineering approaches in general and the DQML DBE interpreter in particular, we outline the steps to generate the implementation artifacts of DBE QoS settings files given a manually generated QoS configuration design.
Several areas of inherent and accidental complexity need to be addressed for manual development of DBE QoS settings files. To illustrate these complexities we follow the steps needed to transform a data reader entity associated with a reliability QoS policy from design into implementation. We assume the QoS configuration design is specified either in a text or graphics file or handwritten. We also assume that the QoS configuration design has been developed separately from the generation of implementation artifacts to separate these concerns and divide the labor.
Variability Complexity. Implementation developers must ensure the correct semantics for the association between the data reader and the reliability QoS policy. Developers cannot assume that the data reader, the reliability QoS policy, or the association between the two are valid and correctly specified since the configuration was manually generated. The data reader and reliability QoS policy must be cross-referenced with the DDS specification. This cross-referencing entails checking that (1) a data reader can be associated with a reliability QoS policy, (2) the parameter names specified for the reliability QoS policy are appropriate (e.g., only kind and max_blocking_time are valid reliability QoS parameters), and (3) the values for the parameters are valid (e.g., only RELIABLE and BEST_EFFORT are valid values for the reliability kind). Moreover, developers must manage the complexity of creating a separate QoS settings file for the data reader and ensuring a unique and descriptive filename that DBE can use.
Semantic Compatibility Complexity. Implementation developers must ensure the correct consistency semantics for the data reader's reliability QoS policy and the other QoS policies associated with the data reader. If QoS policies associated with the data reader are inconsistent then the policies cannot be used. Moreover, the developer must ensure correct semantics for the data reader's reliability QoS policy and data writers associated with the same topic. If QoS policies associated with the data reader are incompatible then the data will not be received by the data reader.
For the reliability QoS policy there are no inconsistency concerns. Developers must verify that this is the case, however, by checking the DDS specification for consistency rules. For the reliability QoS policy there are potential incompatibilities. If the reliability QoS policy kind for the data reader is specified as RELIABLE the developer must traverse the QoS configuration and check the reliability QoS policies for all data writers associated with the same topic. If no associated data writer has a reliability QoS kind set to RELIABLE (either explicitly or implicitly via default values) then the data reader can never receive any data thereby making the data reader superfluous. Default values for QoS parameters must therefore be known and evaluated for compatibility even if not explicitly specified. Manually traversing the QoS configuration to check for compatibility and accounting for default parameter values is tedious and error prone and greatly exacerbates the accidental complexity of generating implementation artifacts.
Faithful Transformation. Implementation developers must ensure that the QoS configuration design is accurately mapped to the implementation artifacts appropriate for DBE. As noted above, this transformation includes creating and managing a QoS settings file for each data reader and writer. Moreover, the developer must ensure that the syntax of QoS settings conform to what DBE requires. For example, the reliability's maximum blocking time of 10 ms must be specified as datareader.reliability.max_blocking_time=10 on a single line by itself in the QoS settings file for the particular data reader.
Analysis.
The hardest aspect of developing DQML's DBE interpreter is traversing the model's data reader and data writer elements along with the associated QoS policy elements using the BON2 framework. Conversely, the most challenging aspects of manually implementing QoS policy configurations are (1) maintaining a global view of the model to ensure compatibility and consistency, (2) verifying the number, type, and valid values for the parameters of the applicable QoS policies, and (3) faithfully transforming the configuration design into implementation artifacts. On average, implementing a single C++ statement for the DBE interpreter is no harder than implementing a single parameter statement for the DBE QoS settings files. When implementing a non-trivial QoS policy configuration, therefore, development of the C++ code for the DBE interpreter is no more challenging than manually ensuring that the QoS settings in settings files are valid, consistent, compatible, and correctly represent the designed configuration. Below we provide additional detail into what can be considered a non-trivial QoS policy configuration.
The development and use of the DBE interpreter for DQML is justified for a single QoS policy configuration when at least 160 QoS policy parameter settings are involved. These parameter settings correlate to the 160 C++ statements for DQML's DBE interpreter. Using the results for QoS parameters in Table 2 and Table 3 for data readers and data writers, Figure 13 shows the justification for interpreter development. The development is justified with ~10 data readers, ~7 data writers, or some combination of data readers and data writers where the QoS settings are greater than or equal to 160 (e.g., 5 data readers and 3 data writers = 165 QoS policy parameter settings). For comparison, the breakeven point for data reader/writer pairs is 3.72 (i.e., 160/43).
Figure 13: Metrics for Manual Configuration vs. DQML's Interpreter
We also quantified the development effort needed to support topics if the DBE interpreter required that functionality. Table 4 shows the DDS QoS policies and policy parameters applicable to topics. To support topics an additional 59 C++ statements would need to be added. Conversely, for manual generation 23 more QoS parameters need to be considered for each topic. The breakeven point for data reader/writer/topic triplets becomes 3.32 (i.e., (160 + 59)/(43 + 23)) which is less than the breakeven point for data reader/writers alone (i.e., 3.72).
This breakeven point is less because the additional source code to support topics can leverage existing code, in particular, the outputDDSEntityQos method outlined in Figure 12 . The breakeven point can be applicable for any interpreter that leverages the commonality of formatting regardless of the entity type (cf. outputDDSEntityQos method). Moreover, the complexity of developing any DQML interpreter is lessened by having the DBE interpreter as a guide. The design and code of the DBE interpreter can be reused by another application-specific interpreter to navigate a DQML model and access the QoS policies. The interpreter justification analysis shown relates to implementing a single QoS policy configuration. The analysis includes neither the scenario of modifying an existing valid configuration nor the scenario of implementing new configurations for DBE where no modifications to the interpreter code would be required. Changes made even to an existing valid configuration require that developers (1) maintain a global view of the model to ensure compatibility and consistency and (2) remember the number of, and valid values for, the parameters of the various QoS policies being modified. These challenges are as applicable when changing an already valid QoS policy configuration as they are when creating an initial configuration. Moreover, the complexity for developing a new interpreter for some other application is ameliorated by having the DBE interpreter as a template for traversing a model in BON2.
QoS Policy
In large-scale DDS systems (e.g., shipboard computing, air-traffic management, and scientific space missions) there may be thousands of data readers and writers. As a point of reference with 1,000 data readers and 1,000 data writers, the number of QoS parameters to manage is 43,000 (i.e., 18 * 1,000 + 25 * 1,000). This number does not include QoS parameter settings for other DDS entities such as publishers, subscribers, and topics. For such large-scale DDS systems the development cost of the DQML interpreter in terms of lines of code is amortized by more than 200 times (i.e., 43,000 / 160 = 268.75).
The productivity analysis approach taken for DQML's DBE interpreter is applicable to other DSMLs since the complexities involved will be similar. A break-even point for the development effort of an interpreter for any DSML will exist. We outline four areas that directly influence this break-even point: number of entities, complexity of the entities, complexity of associations between the entities, and level of maintainability needed.
The number of entities affects the break-even point for interpreter development since the more entities that are to be considered the less likely any one individual will be able to manage these entities appropriately. Miller (1956) has shown that humans can process up to approximately 7 items of information at a time. This guideline of 7 can be helpful in exploring the break-even point for interpreter development. If there are more than 7 entities to be considered then the accidental complexity increases since the developer must manage the entities using some tool or device (e.g., a piece of paper, a database) external to the person. With this external management comes the possibility of introducing errors in the use of the management tool (e.g., incorrectly transcribing the entities from the developer's head to the tool).
Likewise, this same analysis holds for the complexity of entities as determined by the number of fields or parameters. If an entity contains more than 7 fields then some external tool should be used to manage this complexity. The use of a tool introduces accidental complexity (e.g., incorrectly transcribing the order, names, or types of the parameters). The same analysis can also be applied to the number of associations made between entities to determine that complexity as well as the number of times a configuration will need to be modified.
If any one of these four areas exceeds the threshold of 7 then an interpreter might be warranted. If more than one of these areas exceeds the threshold (e.g., more than 7 entities with more than 7 associations between the entities) then the break-even point for an interpreter is lowered. The exact determination for justifying interpreter development will vary according to the application but the guidelines presented can provide coarse-grained justification.
Concluding Remarks
Although MDE and DSMLs have become increasingly popular, concrete evidence is needed to support the quantitative evaluation of DSMLs. This chapter described various approaches to quantitatively evaluating DSMLs via productivity analysis. We applied one of these approaches to a case study involving the Distributed QoS Modeling Language (DQML). The following is a summary of the lessons learned from our experience developing DQML and conducting productivity analysis using it for the DBE case study:
• Trade-offs and the break-even point for DSMLs must be clearly understood and communicated.
There are pros and cons to any technical approach including DSMLs. The use of DSMLs may not be appropriate for every case and these cases must be evaluated to provide balanced and objective analysis. For a DSML product line the advantages of DSMLs will typically outweigh the development costs. For a one-time point solution the development of a DSML may not be justified, depending on the complexity of the domain.
• The context for DSML productivity analysis should be well defined. Broad generalizations of a DSML being "X" times better than some other technology is not particularly helpful for comparison and evaluation. A representative case study can be useful to provide a concrete context for productivity analysis.
• Provide analysis for as minimal or conservative a scenario as possible. Using a minimal scenario in productivity analysis allows developers to extrapolate to larger scenarios where the DSML use will be justified.
Our future work for DQML includes assembly and deployment support as well as providing domainspecific QoS profiles for ease of development. DQML is available as open-source software and is included as part of the Component Synthesis with Model Integrated Computing (CoSMIC) tool chain. Information regarding downloading, building, and installing CoSMIC can be found at www.dre.vanderbilt.edu/cosmic.
